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Positioning and Elongation
of the Fission Yeast Spindle
by Microtubule-Based Pushing
Results and Discussion
Positioning of the spindle, as well as of the nucleus at
other stages of the cell cycle, generally depends on
microtubules [12]. Two main mechanisms have been
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bules have been suggested as key elements in spindle1353 Copenhagen K
Denmark positioning, as well as in a checkpoint mechanism,
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sez. Firenze consists of three phases: spindle formation (phase one
or prophase), a period of constant spindle length (phaseVia G. Sansone 1
50019 Sesto Fiorentino (Florence) two or metaphase plus anaphase A), and spindle elonga-
tion (phase three or anaphase B) [11, 19, 20]. SpindlesItaly
in phase one are typically tilted at various angles with
respect to the longitudinal cell axis in these cylindrical
cells [2, 17], whereas by the end of phase three the
spindles get aligned with the cell axis by a so far unrav-Summary
eled mechanism.
In order to quantify spindle tilt during the three phasesIn eukaryotic cells, proper position of the mitotic spin-
dle is necessary for successful cell division and devel- of mitosis, we measured three-dimensional positions of
the spindle poles from a time-lapse sequence of images.opment. We explored the nature of forces governing
the positioning and elongation of the mitotic spindle in Those coordinates were used to calculate spindle
length, elongation rate, and the tilt angle, i.e., the angleSchizosaccharomyces pombe. We hypothesized that
astral microtubules exert mechanical force on the between the axis of the spindle and the longitudinal axis
of the cell in three dimensions (Table 1). The spindle tiltS. pombe spindle and thus help align the spindle with
the major axis of the cell [1, 2]. Microtubules were decreased significantly from the end of phase one to
the end of phase two (40 to 20), as well as fromtagged with green fluorescent protein (GFP) [3] and
visualized by two-photon microscopy. Forces were the end of phase two to the end of phase three (20
to 10). Alignment of the spindle with the cell axisinferred both from time-lapse imaging of mitotic cells
and, more directly, from mechanical perturbations in- during spindle elongation (phase three) can be explained
to some extent by geometrical constraints: when theduced by laser dissection [4, 5] of the spindle and
length of an elongating spindle exceeds the width ofastral microtubules. We found that astral microtubules
the cell, the spindle can gradually align with the cellpush on the spindle poles in S. pombe, in contrast to
axis by sliding along the cell wall. On the contrary, thethe pulling forces observed in a number of other cell
significant decrease in spindle tilt observed duringtypes [4, 6–9]. Further, laser dissection of the spindle
phase two, when the spindle is shorter than the cellmidzone induced spindle collapse inward. This offers
width, indicates that an additional mechanism drivesdirect evidence in support of the hypothesis that spin-
the alignment of the spindle.dle elongation is driven by the sliding apart of antipar-
During metaphase and anaphase, astral microtubulesallel microtubules in the spindle midzone [10, 11]. Bro-
polymerize from the spindle pole bodies (SPBs) into theken spindles recovered and mitosis completed as
cytoplasm [21–23]. Some astral microtubules reach theusual. We propose a model of spindle centering and
cell cortex, whereas others depolymerize before reach-elongation by microtubule-based pushing forces.
ing it. In order to determine the effect of a single astral
microtubule on the position of the SPB, we measured the
SPB position in cases where only one astral microtubule*Correspondence: tolic@lens.unifi.it
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Table 1. Spindle Elongation Rates and Tilt with Respect to the Longitudinal Cell Axis
Spindle Elongation Spindle Angle at the Spindle Angle at the
Rate (m/min) End of Phase, 3D End of Phase, 2D n
Phase one 0.16  0.02 36  5 18  5 17
Phase two 0.04  0.01 21  2 13  1 44
Phase three 0.39  0.04 9  2 4  1 10
Spindle tilt angle decreased both during phase two and phase three. The elongation rates and the tilt angles marked with “3D” were calculated
using three-dimensional coordinates of spindle poles. The tilt angles marked with “2D” were calculated from the same set of images as for
3D but using maximum-intensity 2D projections of the 3D data instead of the full 3D data. Note that 2D calculations substantially underestimate
the real 3D angles. The angles at the end of phase one and at the end of phase two are significantly different for the 3D data (p  0.001), but
not so for the 2D data (p  0.16). The angles at the end of phases two and three are significantly different in both 3D and 2D cases (p 
0.05). The numbers represent mean  SEM; n is the number of spindles.
extended from the SPB to the cell cortex. We found that with respect to the spindle. This mechanism is also un-
likely to work here since astral microtubules are typicallythis astral microtubule typically continued polymerizing,
perpendicular to the elongating spindle, their number iswhile the attached SPB moved away from the contact
small (zero to two per pole at a time), and their interactionsite between the tip of the astral microtubule and the
with the cell cortex is transient.cell cortex, which we refer to as the A-C contact (Figures
Studies of reactivation of the S. pombe spindle elon-1A and 1B; Movies 1 and 2). The measured change in
gation in vitro [10], as well as photobleaching of theangle between the spindle axis and the cell axis was
spindle in vivo [11, 20], have lead to a model of spindle3.7  0.8 during 1.2  0.1 min (mean  SEM, n  29).
elongation by sliding apart of the antiparallel microtu-To further investigate the nature of the force that astral
bules in the spindle midzone. In order to directly testmicrotubules exert on the spindle, we performed two
the hypothesis that the key force responsible for spindlesets of experiments in which microtubule structures
elongation is generated in the spindle midzone and notwere irradiated at a high intensity with the same laser
by astral microtubules, we investigated the relativebeam as used for two-photon microscopy. In the first
movements of the spindle poles and the change of spin-experiment, spindles were severed in their midzone. The
dle shape after laser dissection of the spindle midzonerationale behind this experiment was that a spindle that
(Figure 2). The observed effects on spindle shape fall intois weakened in its midzone or broken into two separate
two classes. In the first class, laser dissection induced aparts should provide less resistance to astral forces than
change in spindle shape and in distance between thean intact spindle. We observed in either weakened or
poles, but the spindle remained a single structure (one-broken spindles with a single astral microtubule ex-
part spindle, n  23 events, Figures 2A and 2B). Thetending to the cortex that the adjacent spindle arm ro-
spindle either collapsed into a shorter form (Figure 2A)tated by 5.1  2.0 in 0.9  0.1 min (mean  SEM,
or bent into two parts connected by a joint (Figures 2Bn  20; Figure 1C), the SPB moving away from the A-C
and S1). In the second class of events, spindles brokecontact site. The second experiment was performed on
into two disconnected parts (two-part spindle, n  15cells in which two astral microtubules extended simulta-
events, Figures 2C and 2D). The spindle parts movedneously from a single SPB in opposite directions. We
about in a random way, either crossing each other (Fig-
dissected one of the astral microtubules and observed
ure 2C) or sliding parallel to each other (Figure 2D).
the behavior of the spindle. We found that the spindle
After laser-induced spindle breakage, the distance
rotated by 4.0  1.1 in 1.3  0.4 min (mean  SEM, between spindle poles initially decreased (Figure 3 and
n  6; Figure 1D), bringing the SPB away from the A-C Table 2). This period of shortening of the pole-to-pole
contact site. In a control experiment we irradiated the distance was observed to be 2–5 min in one-part spin-
cytoplasm, which did not affect the spindle shape, posi- dles and up to 20 min in two-part spindles. The behavior
tion, or growth (Figure 1E). Taken together, the above of astral microtubules in cells with broken spindles was
data suggest that astral microtubules push on the mi- similar to that in intact cells. If astral microtubules con-
totic spindle in S. pombe (Figure 1F). We estimated the tribute to spindle elongation, then the spindle poles of
magnitude of astral pushing force to be approximately a broken spindle should continue separating, probably
1–10 pN (see Supplemental Data). This magnitude of even faster than before breakage. Yet, in all the above-
force is consistent with force generation driven by either mentioned scenarios of spindle breakage (n  38 out
motor proteins or by a relatively simpler process based of 38 spindles), the spindle poles moved inward after
on microtubule polymerization [24, 25]. spindle dissection, possibly because of the tension in
In addition to the positioning of the spindle, forces the nuclear membrane. The observed collapse of the
exerted by astral microtubules could contribute to spin- spindle provides strong and direct evidence in support
dle elongation. In one scenario, astral microtubules an- of the hypothesis that the key force driving spindle elon-
chored at opposite cell ends could pull the spindle poles gation in S. pombe is intrinsic to the spindle [10, 11],
apart. Although this mechanism acts in some cell types whereas the contribution of astral microtubules is not
[4, 6–9], it is highly unlikely to operate in S. pombe, since significant. Mitotic kinesin-like proteins associated with
(1) a substantial astral pull was not found in these cells, the midzone of anaphase B spindles, e.g., Cut7 [27],
and (2) dynein, the pulling motor [9, 26], is not essential might exert the force for spindle elongation by crosslink-
for proper mitosis in S. pombe [16]. The other scenario ing antiparallel microtubules and moving toward their
plus ends [28].involves astral microtubules pushing at a sharp angle
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Figure 1. Astral Microtubules Push on the Spindle Poles
(A) Time-lapse images of mitosis in an intact S. pombe cell with GFP-tagged tubulin. Each image is a maximum-intensity projection of a set
of optical sections acquired at a 0.5 m z interval. Numbers refer to time in minutes. Scale bar, 2 m.
(B) Superposition of three pairs of images from the sequence in (A). In each pair the first image is shown in red, and the second one in green.
Numbers refer to time as in (A). Rotation of the spindle is clearly visible (arrows). The spindle pole body (SPB) moved away from the contact
site of the astral microtubule and the cell cortex (A-C contact site; dotted line marks the cell edge).
(C) The spindle was laser dissected in its midzone (blue arrow), which induced bending of the spindle. Note a large rotation (white arrow) of
the lower part of the spindle away from the A-C contact site.
(D) Two astral microtubules extended in opposite directions from the upper SPB. One of them was laser dissected (blue arrow) and subsequently
disappeared, whereas the other one remained intact. The upper SPB moved away from the A-C contact site (white arrow).
(E) Control for laser-dissection experiments. The cytoplasm was irradiated close to the upper SPB (blue arrow), which did not induce a
significant change in spindle position.
(F) Histogram of the spindle rotation angle. Positive angles imply astral pushing, whereas negative angles imply pulling. Green indicates events
observed in intact cells, yellow in cells with severed spindle, and red in cells with severed astral microtubules. One measurement from an
intact spindle (  18) and two from severed spindles (  24 and 33) are not shown.
After the period of collapsing, the spindles recovered (PAA) of microtubules (Figure 3C; Movies 3 and 4) [29],
followed by the septum and two daughter cells, eachand the poles began to separate at rates similar to those
in intact cells (Figure 3B and Table 2). Spindles that were containing one nucleus (Figure 3D). A PAA was observed
clearly in 14 out of 16 cells imaged for more than 30 mindissected in phase two or in early phase three were
observed to recover. Among one-part spindles, recovery after spindle breakage. A septum was seen in six out
of eight cells observed by transmission light microscopywas seen clearly in three out of four spindles dissected
during phase two, and in seven out of seven spindles for septum formation (one out of three cells dissected
in phase one, four out of four in phase two, and one outdissected in early phase three. Among two-part spin-
dles, recovery was clear in three out of four spindles in of one in phase three). All PAAs and septa were properly
positioned in the middle of the cell. Spindles dissectedphase two (Figure S2) and in five out of six spindles
in early phase three (Movies 3 and 4). The cells with in late phase three after the appearance of the PAA did
not recover but instead disassembled, resembling entrydissected spindles completed mitosis normally, as indi-
cated by the appearance of the postanaphase array into telophase [23] (n  seven out of seven; Figure S3).
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Figure 2. Poles of Severed Spindles Move
Centrally
In each group of images the spindle before
the midzone dissection (blue arrows) is
shown in the first image, followed by two im-
ages taken 2–6 min later. Four types of spin-
dle conformations after dissection: (A), col-
lapse; (B), bend; (C), cross; and (D), slide.
These observations together show that cell division can S. pombe based on pushing by astral microtubules (Fig-
ure 4). Astral microtubules extend from SPBs into thecontinue and finish successfully even when the spindle
has been broken. It would be interesting to identify com- cytoplasm and exert a force upon contact with the cell
cortex. An SPB positioned asymmetrically relative to theponents of the spindle midzone that allow for spindle
recovery after laser-induced breakage by testing muta- cylindrical cell wall would experience pushing forces
originating from the closest cell edge most frequently,tions in molecules such as klp5 and klp6 [30].
We propose a model of spindle positioning in since astral microtubules are more likely to reach that
Figure 3. Broken Spindles Can Recover
(A) Chosen frames from a time-lapse se-
quence showing breakage and recovery of
the spindle in the Slide-configuration.
(B) Distance between SPBs versus time for
the cell from (A). After laser dissection (blue
arrow), the spindle breaks and the distance
between the SPBs decreases slightly. The
spindle recovers and subsequently grows at
a speed of 0.25 m/min.
(C) Chosen frames from a time-lapse se-
quence showing breakage and recovery of
the spindle in the cross configuration. A post-
anaphase array is visible in the last image.
(D) Image of the DNA (blue) superimposed on
the image of the cell from (C). Although the
spindle had been broken, the division finished
successfully: the septum is formed and each
daughter cell contains one nucleus.
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whereas other cells use pulling, to position their spindlesTable 2. Rates of Change in the Pole-to-Pole Distance of
and nuclei? Different cell geometries likely impose dif-Severed Spindles
ferent strategies for organelle positioning. A mechanism
Spindle Elongation After Laser Dissection,
based on pulling by molecular motors is favorable whenRate (m/min) before Recovery After Recovery
the force has to be exerted over a relatively large dis-
One-part spindles 0.28  0.05 (16) 0.19  0.02 (5) tance, such as during anaphase in large animal cells [7]
Two-part spindles 0.32  0.09 (9) 0.22  0.04 (5) and during the horse-tail movement in S. pombe meiosis
The distance between the SPBs decreased immediately after laser [16], or in cells with complex geometry, e.g., in S. cere-
dissection of the spindle midzone and increased again a few minutes visiae, where the spindle has to be oriented toward the
later after spindle recovery. The laser dissection was performed bud [26]. A mechanism based on pushing forces, on
during either phase two or phase three. The resulting spindle behav-
the other hand, may be adequate for small movementsior was similar for both phases. One-part spindles are those that
within simple geometries like in S. pombe cells.remained a single structure, whereas two-part spindles broke into
two separate parts. The data is presented as mean  SEM; the
Supplemental Datanumber of spindles is shown in brackets. Only the spindles for which
Supplemental Data including five movies, three figures, and furtherthe rates could be determined with precision were counted.
detail on experimental methods, image analysis, and calculation of
the force exerted by astral microtubules on the spindle are avail-
able at http://www.current-biology.com/cgi/content/full/14/13/
region of the cell cortex than a further region [13]. The 1181/DC1/.
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